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Abstract. In the present paper a modified vorticity-based Keywords. Oceanography: general (Marine pollution) —
model for gas transfer under breaking waves in the absenc®ceanography: physical (Air-sea interactions) — Space
of significant wind forcing is presented. A theoretically valid plasma physics (Laboratory studies)

and practically applicable mathematical expression is sug-
gested for the assessment of the oxygen transfer coefficient
in the area of wave-breaking. The proposed model is baseq
on the theory of surface renewal that expresses the oxygen

transfer coefficient as a function of both the wave vorticity The interest in the exchange of gases between the atmosphere
and the Reynolds wave number for breaking waves. and water bodies with its resultant effects on water quality
Experimental data were collected in wave flumes of vari- starts from the beginning of the last century. Social interest
ous scales: a) small-scale experiments were carried out ush the exchange of greenhouse gases and pollutants between
ing both a sloping beach and a rubble-mound breakwater imatural water bodies and the atmosphere over the past two
the wave flume of the Laboratory of Harbor Works, NTUA, decades has enhanced the interest of gas transfer across the
Greece; b) large-scale experiments were carried out with air-water interface (Donelan et al., 2002). A wide range of
sloping beach in the wind-wave flume of Delft Hydraulics, the scientific community, from fluid dynamics experts to bio-
the Netherlands, and with a three-layer rubble mound breakehemists, are interested in studying and analyzing the com-
water in the Schneideberg Wave Flume of the Franzius Instiplex processes controlling gas transfer.
tute, University of Hannover, Germany. The first studies on oxygen transfer through the air-water

The experimental data acquired from both the small- andnterface began from the rivers which expanded into the lakes
large-scale experiments were in good agreement with thénd the oceans and lastly into estuaries and coastal seas due
proposed model. Although the apparent transfer coefficientd® the great impact of dissolved oxygen (D.O.) concentra-
from the large-scale experiments were lower than those dellons into aquatic organisms. Estuaries and coastal seas are
termined from the small-scale experiments, the actual oxy/Mmportant sources of oxygen, impacting regional or even tro-
gen transfer coefficients, as calculated using a discretize@0Spheric budgets (Kim and Andreae, 1992; Upstill-Goddard
form of the transport equation, are in the same order of mag®t al-» 2000; Borges et al., 2003). Effects of seabed changes in
nitude for both the small- and large-scale experiments. Théh€ coastal zone and/or the presence of structures, make the

validity of the proposed model is compared to experimentaIStUdy of natural flow hydrodynamics and the oxygenation of
results from other researchers. the sea-water due to the wave’s action, even more complex.

Although the results are encouraging, additional research The definition of air-sea oxygen concentration difference,

is needed, to incorporate the influence of bubble mediatedA C, Is in theory comparatively straightforward; however,

. due to inherent spatial and temporal inhomogeneity, obtain-
gas exchange, before these results are used for an environ- P P g %

. . ! . ~Ing the requisite spatial and temporal coverage of the coastal
mental friendly design of harbor works, or for projects in- S
. : waters could be a significant challenge. An oxygen trans-
volving waste disposal at sea.

fer coefficient or oxygen transfer velociti; , is often used

to express the rate of oxygen penetration through air-water
Correspondence tov. K. Tsoukala interface, per unit of oxygen deficit. Accurately quantify-
(v.tsoukala@hydro.civil.ntua.gr) ing oxygen transfer velocity is potentially more problematic
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than to define an oxygen concentration difference, becauseot in equilibrium with the water (Jahne et al., 1984; Memery
it is influenced by a wide range of environmental variables,and Merlivat, 1985). All three classes may be important in
most of which are strongly correlated. In the past severaloxygen transfer. In particular, Keeling (1993) indicated that
years substantial advances have been made in understandibgbbles with a radius larger tharx50~*m, which have of-

the air-sea oxygen exchange, however, it is still insufficientten been assumed to play a negligible role, contribute sig-
to adequately parameterize many of the fundamental controlnificantly to bubble induced oxygen transfer and supersatu-
ling processes (Upstill-Goddard, 2006). ration. Bubble-mediated gas transfer will support supersat-

Oxygen transfer in coastal waters is effected both throughurations of typically 1-2% for oxygen (Woolf and Thorpe,

molecular and turbulent diffusion at the air-water interface 1991). Besides, bubble-mediated gas transfer was identi-
and through bubble ebullition. Enhancements of oxygenfied as the most significant contributor to gas exchange dur-
transfer are expected as: ing wave breaking in an experimental gas exchange facility

. S . (de Leeuw et al., 2002; Garrettson, 1973). Bubble penetra-
1. the microscale wave brgakmg !nltlate_d at wind Speecjstion depths>16 m have been observed during wave breaking
ivggol_)?\f\:v _'iroslegggs;mated \,:V'tlh vzvggicaps (Csanady(Farmer etal., 1993) and the resulting change in bubble inter-
» Melville, »~appaetat., ), nal gas pressure drives gas transfer across the bubble-water

2. the result of the turbulence generated by breaking wavedterface, even though the gas partial pressure in surface wa-

(Kitaigorodskii, 1984; Woolf, 1995; Feddersen, 2005; ter is at or near atmospheric equilibrium (Memery and Mer-
Woolf et al., 2007), livat, 1985; Woolf and Thorpe, 1991; Woolf, 1993).

Up until now, many attempts to describe the gas transfer
3. the transfer across the surface of bubbles (Merlivat andgjye to breaking waves and bubbles (e.g. Asher et al., 1996;
Memery, 1983; Memery and Merlivat, 1985; Keeling, \woolf, 1997; Asher and Wanninkhof, 1998) had been made,
1993; Woolf, 1993) and but the available data are still limited. The fraction of the
ocean surface renewal by breaking waves per unit of time is
found to be proportional to the cubic of the ten meter wind
speed {10) and is dominated by the shorter breaking waves
Waves and their associated velocity fields contribute to theMelville and Matusov, 2002). The potential major impacts
oxygen transfer across the air-water interface in three prin-of vertical buoyancy fluxes due to air entrainment and bub-
ciple ways: a) by increasing the surface area (often with thebles are also unknown and have not been considered. Both
creation of bubbles); b) by providing transport and mixing the distribution and the dynamics of breaking-wave gener-
of aerated fluid from the surface to the fluid bulk; and c) by ated bubbles and turbulence, and their correlation are still
thinning the highly aerated surface boundary layer. Thuspoorly understood.
the primary role of the wave state is to provide a means for Lately, the environmental impact of coastal structures, and
transport and mixing of the surface layer, via turbulence intheir impact in water quality in coastal areas force engineers
the bulk until breaking waves occur. to identify the effects of wave field, and wave breaking, in
Breaking waves at the ocean’s surface inject bubbles anthe coastal zone or/and in the vicinity of coastal structures,
turbulence into the water column. During periods of rough regarding oxygen transfer. Wave breaking in the vicinity of
weather the scales of wave breaking will increase with in-coastal structures results in high oxygenation rates and in wa-
creasing sea states and result in mixing of the surface watertgr quality improvement of the surrounding area. Over re-
and the turbulent transport of bubbles to depth (Boettcher etent years the prediction of the transfer coefficient as a func-
al., 2000; Terrill et al., 2001; Melville and Matusov, 2002). It tion of the wave characteristics has been the focus of many
is expected that the creation of bubbles enhateby cre-  researchers (Daniil and Moutzouris, 1995; Hosoi and Mu-
ating additional surface area and by enhancing the diffusionmrakami, 1986; Hosoi et al., 1990; Kakuno et al., 1995).
at the bubble’s surface due to the increased pressure within According to the surface renewal theory (Higbie, 1935;
the bubble. Plunging breaking waves at the coastal zone or iDankwerts, 1970), the oxygen transfer rakg { across the
the vicinity of a coastal structure can entrain large masses odir-water interface is proportional to surface renewal rate. In
air bubbles when the top of the wave forms a water jet pro-practice, surface renewal is influenced by several variables,
jecting ahead of the wave crest before impacting the coastahcluding free convection under calm conditions, wind in-
region. duced mixing at low high wind speeds, changes in air-water
Bubble induced oxygen transfer varies qualitatively de- momentum transfer due to drag, thermal stratification due to
pending on the size of the bubbles. According to Keelinginsolation, wave damping, buoyancy effects from precipita-
(1993) three size regimes could be considered: 1) small bubtion and surfactants (Schluessel et al., 1997; Soloviev et al.,
bles with radius ) r<5x10~2>m which completely disap- 2002).
pear by dissolution in the water, 2) intermediate bubbles in For gas transfer under breaking waves, Daniil and Mout-
which the gases equilibrate with gases dissolved in the waterouris (1995) proposed a vorticity based renewal model with
and 3) large bubbles with>5x10~*m in which oxygen is  two different equations for breaking waves on a sloping

4. the disruption of the surface microlayer by surfacing
and bursting bubbles (Monahan and Spillane, 1984).
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Fig. 1. Schematic plan view and experimental setup of the wave flume in LHW.

impermeable beach and for breaking waves on the breakwa2 Experimental procedure

ter. Their analysis concluded that the constants in the pro-

posed equations are probably dependent on the slope of themall-scale and large-scale oxygenation experiments under

beach and the type of the breakwater. Daniil et al. (2000)breaking and non-breaking waves were performed both with

proved that there is no difference in the estimation of the oxy-sloping beaches and rubble mound breakwaters at the wave

gen coefficients if the horizontal flux through the permeableflume of Laboratory of Harbor Works (LHW) and the Wind

breakwater is not neglected. Wave Flume of Delft Hydraulics (DH). Additionally, large-
Considering remarks from previous studies in this paper, ascale experiments were conducted with a three-layer rub-

modified and improved vorticity-based renewal model for theble mound breakwater in the Schneideberg Wave Flume at

prediction of gas transfer coefficient under breaking waves inFranzius Institute (FI). All the experiments conducted in the

the absence of wind forcing is proposed and fitted to experabsence of wind forcing and currents.

imental data obtained from both small- and large-scale ex- The test method is based upon the removal of D.O. from

perimental facilities. Although this analysis does not includethe volume of water followed by re-oxygenation to a near

bubble mediated transfer, which is dominant in the breakingsaturation level, as described in the ASCE Standard (1993).

of mechanically generated waves, the proposed model seenkor all the experiments D.O. is removed using nitrogen.

to represent the experimental data quite well. Water temperature and atmospheric pressure were

recorded for the determination of the saturation

www.ann-geophys.net/26/2131/2008/ Ann. Geophys., 26, 211312-2008
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Fig. 2. Schematic plan view and experimental setup of the wind wave flume in DH.

concentration. D.O. — time histories were obtained for WTW OXI-196 oxygen meter, at 8 sampling locations along
all experiments and sampling locations. To verify the accu-the flume.

racy of readings obtained with oxygen meters, water samples Te wave flume at DH is “T” shaped. It is 100m long,
were also taken and analyzed using the azide modificatior 1y, wide and 1 m deep. The last 9m section is 25m wide
of the Winkler titration method. Measurements of D.O. (see Fig. 2). Waves with heights between 7182 and
concentration commenced upon initial wave generationog 3,,10-2 m and periods from 1.07 to 1.90 s were produced.
and continued until the D.O. value reache@0% of the  The experimental procedure consisted of two distinct series
estimated saturation level. of experiments. In the first series of experiments (Series DH-

The wave flume of LHW is 27 m long, 0.60m wide and A) waves were produced without any coastal structure in the
2m deep (see Fig. 1). The flume is equipped with a me-flume. In the seconq series_ of experiments (Series DH-B) a
chanical wave generator. Monochromatic, sinusoidal wave§Oncrete structure with a uniform slope of 1:2.3 was placed at
with heights between 755102 and 23.410~2m and peri- the en_d of the flume, in order to initiate wave breaking. Three
ods between 0.75 and 1.70 s were produced. The experimeff@Pacitance wave gauges were used to record the wave char-
tal procedure consisted of two distinct series of experiments@cteristics. The concentration of D.O. in the water over time
In the first series of experiments (Series LHW-V) a structureWas monitored by a portable, WTW OXI-196 oxygen meter,
with a uniform slope of 1:2.3, was placed at the end of the& 21 sampling locations along the flume.
flume to initiate wave breaking, while in the second series The Schneideberg Wave Flume of the Frig400 m long,
of experiments (Series LHW-A) a structure with a uniform 2 m wide and 2 m deep. During the experiments, about half
slope of 1:5 was used. Three capacitance wave gauges wedd the flume length was used and isolated from the rest with
used to record the wave characteristics. The concentratioa vertical watertight wooden wall. A three-layer breakwater
of D.O. in the water was monitored over time by a portable model with 1:1.5 slope and 0.50 m long crest at 1.20 m above

Ann. Geophys., 26, 2132442 2008 www.ann-geophys.net/26/2131/2008/
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Fig. 3. Schematic cross section and experimental setup of the Schneideberg wave flume in FI.

bottom elevation was constructed at a distance of 27.75 nunit volume and is time. Oxygen transfer through the air
from the wave generator (see Fig. 3). Two different serieswater interface can be expressed as a source term as:

of experiments were conducted. In the first series (Series FI-

A), the breakwater structure was impermeable with awooder? = KL (Cs = C) As/V. ©)
barrier placed in the middle of the breakwater bOdy, prO-WhereKL is the oxygen transfer COEﬁ:iCien‘LS is the aver-
hibiting any transport through the structure. In the SeCOﬂdage air-water surface area on the horizontal planelansl
series of experiments (Series FI-B), the wooden barrier washe aerated water volume extending from the free surface to
removed but the breakwater remained almost impermeabléhe bottom of the flume.

due to the layering of the structure. The wave height used |f the only source term is the air-water gas transfer, and the
in the experiments ranged from %2072 to 16.5<10°2m,  terms for horizontal transport and dispersion are neglected,

with wave periods from 1.11 to 1.43 s. Five capacitance wavehe transport equation is reduced to a first order differential
gauges were used to record the wave characteristics. Thgquation.

D.O. concentration at FI was monitored at 15 sampling loca- For the initial conditions oiC=Cy at =0, and assuming
tions by an YSI — Model 95 oxygen meter. constant concentration for the entire experiment, the solution
of Eqg. (2) is as follows:

3 Data analysis C =Cg—(Cyg— Cq) e Krts/Vt, 3)

S . o Equation (3) can be expressed as a linear function of time as
The transfer coefficient is determined indirectly through thefothllcj)w;' (3) P ! unct !
mass transport equation, when the rest of the terms are '

known. The one-dimensional transport equation is usuallyln (Cs — C) = K7 (As/ V)t +In(Cs — Cp) . (4)

used for analysis of data from laboratory flumes:

aC 8C 9 9C
+U ——(Dx—>+S, (1)

The transfer coefficient is determined from Eq. (4) using lin-
ear regression and the measured D.O. concentrations.

The above solution is only valid for the case of a com-
pletely mixed fluid volume. If the source terms are not uni-
where C is the concentration of dissolved oxyged#, is formly distributed, horizontal and diffusion terms are gener-
the mean velocity in the x-directionUE0 for the wave  ated (Horsch, 1998; Daniil et al., 2000) and Eq. (3) is not ap-
flume), D, is the longitudinal dispersion coefficient in the plicable. In this case, the calculation of transfer coefficients
x-direction, S is the source {>0) or sink (§<0) term per  requires a more detailed model.

E a_ax ax
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In this paper, the effect of increased longitudinal disper- The experimental conditions, i.e. wave characteristics, wa-
sion due to wave breaking on the structures has been consider depth, water temperature and atmospheric pressure are
ered in all the performed experiments. Equation (1) is dis-summarized in Table 1. The actual transfer coefficidhts
cretized, using a control volume approach (Patankar, 1980)determined through Eg. (5) and the apparent transfer coef-
Integrating over a control volume of length, volumeV;, ficients K| ap, determined in Eq. (4), i.e. neglecting the hor-
cross sectional are& (width of the channel) multiplied by izontal flux, are also given for comparison purposes in Ta-
the constant water depthand also assuming tha /9t and ble 1. The transfer coefficients calculated in Eq. (4) Ees
S can be represented by their values at poiahd a linear  in Table 1) for large-scale experiments were lower than those
profile between grid points farC/0x, Eq. (1) can be written  in small-scale experiments, for experiments with the same

as: wave characteristics, suggesting that oxygen transfer de-
dC  Dj it pends on the dimensions of experimental facilities (Tsoukala
ot T L Wd (Civ1—Ci) and Moutzouris, 1997; Tofa, 2000). Actual oxygen trans-
b-,l _ fer coefficients, as computed from a discretized form of the
=W d (C;—Ci—) + V; S, (5) transport equation and accounting for longitudinal disper-
i-11i sion, through Eq. (5), (se&, in Table 1) are found in the

whereL; ;11 andL;_1; are the distance®; ;+1, andD;_1;  same order of magnitude for both small- and large-scale ex-
are the horizontal diffusion coefficients between grid pointsperiments (Tsoukala, 2000). Therefore, it is concluded that
(i,i4+1) and (-1, i), respectively. the developed horizontal flux should not be neglected dur-

In the experimental Series DH-A no longitudinal varia- ing the calculation of actual transfer coefficients from ex-
tion in D.O. concentration was observed. Therefore, Eq. (3)perimental data, as it is proven that neighboring areas to the
was used to determine the oxygen transfer coefficient. In Sebreaking zone experience substantially different gas transfer
ries DH-B, where the waves were breaking and longitudinalcoefficients.
variation was observed, Eq. (5) describes the oxygen trans- D.O.-time histories computed according to Eq. (5), as well
fer coefficients that were determined based on the numericaas measured D.O. concentrations are shown in Fig. 4 for six
scheme proposed by Tsoukala (2000). Five control volumeslifferent experiments. The initial condition is specified to
were used, with each control volume containing at least onenatch experimental data. Measured and predicted values are
sampling point. The system of equations described by Eq. (5)n good agreement, justifying the use of Eq. (5).
was solved numerically using the Tridiagonal Matrix Algo-
rithm (Thomas, 1949) for the duration of each experiment.

The initial concentrations measured at each sampling point Model formulation

were introduced in the computations. The gas transfer and

diffusion coefficients were adjusted until a best-fit with ob- The first surface renewal model proposed by Dankwerts
served D.O. values was obtained (Wanninkhof and Bliven,(1970) expresses the transfer coefficient as a function of the
1994). The same procedure was also followed in the experitate of surface renewal as follows:

mental Series FI-A and FI-B, as well as in the experimental 2

Series LHW-V and Series LHW-A, using 5 and 7 control vol- Kz & v/ Dm 1 OF K1S¢/ oc v, @)
umes, respectively.

Transfer coefficients were normalized te°2) assuming a
square-root dependence on the Schmidt nurlgeaccord-
ing to the equation given by Daniil and Gulliver (1988).

whereK is the transfer coefficienD),, is the molecular dif-

fusivity of the gas in watery is the kinematic viscosity of

the waterSc=v/D,, the Schmidt number andis the average

surface renewal rate.

K120 sc1¥? v 293 Y21 p Y2 Daniil and Moutzouris (1995) presented a vorticity-based
= [S_on} = [ ] [%} (6) renewal model for gas transfer under breaking waves. The

V20

Kr 6+ 273
. . L L surface renewal rate was expressed as:
whereScv/Dv is the kinematic viscosity) is the water tem-
perature in degrees Celsius amis water density. The sub- . — G, (8)
script 20 denotes the values of the corresponding parameter
at 20°C by the relations given by Heggen (1983). whereq, is a constant of proportionality and is the wave

Although Eq. (6) was derived for indexing gas transfer vorticity. The factorG, was expressed a&s,=(L/d)?, where
coefficients at water surfaces without significant air entrain-d is the water depth and is the wave length, in order to
ment, it is in close agreement (less than 5% difference in thencorporate the influence of relative depth. Current studies
10-30C range) with the indexing relation proposed by Gul- indicate that oxygenation increases with wave breaking in-
liver et al. (1991). The indexing relation proposed by Gul- tensity. It is therefore essential for the prediction of the gas
liver et al. (1991) is theoretically based upon the velocity of transfer coefficient under breaking waves to incorporate in
a bubble suspended in a turbulent flow and the mass transfehe G, factor a breaker type index to express the type of wave
across a bubble and also shows 2 dependence. breaking.

Ann. Geophys., 26, 2132442 2008 www.ann-geophys.net/26/2131/2008/
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Table 1. Wave characteristics and corresponding transfer coefficients from the experiments.

apparent actual
Exp. Exp. T H Structure  H,, L Ly (C] P Cg Sc KL apx 1% Ky x10%
Series No (s) %1072m) (cm) (m) (m) €C) (mmHg) (mgll) (m/s) (m/s)
LHW-V Vi 1.25 254 SB1 30.16 234 257 253 748.0 8.38 418 2.77 2.97
LHW-V V2 1.70 18.2 SB1 2740 3.77 261 232 747.5 8.39 464 0.48 1.06
LHW-Vv  Vv3 1.08 211 SB1 2439 180 211 256 749.0 8.03 412 3.14 302
LHW-V V4 1.24 21.2 SB1 26.23 231 222 244 752.0 8.21 437 2.59 3.56
LHW-V V5 1.07 17.9 SB1 2150 1.77 183 244 751.5 8.24 437 2.63 4.30
LHW-V V6 1.30 15.9 SB1 21.72 250 191 257 749.0 8.02 410 2.38 2.55
LHW-V  Vv7 125 16.2 SB1 2156 234 187 26.2 748.0 7.98 400 2.30 1.76
LHW-V V8 1.07 14.0 SB1 17.87 177 152 26.6 747.5 7.87 393 1.82 2.19
LHW-Vv V9 135 10.6 SB1 16.25 2.66 158 252 748.5 8.09 420 1.31 1.38
LHW-V V10 1.48 20.5 SB1 2797 3.08 246 25.2 749.0 8.09 420 2.28 2.58
LHW-V Vvi11 1.75 12.2 SB1 2057 392 221 254 749.0 8.06 416 0.30 1.60
LHW-V V12 1.07 9.5 SB1 13.36 1.77 120 255 749.0 8.05 414 1.00 0.98
LHW-V V13 1.38 4.4 SB1 850 276 1.08 255 747.5 8.03 414 0.36 2.31
LHW-V V14 1.24 11.6 SB1 16.72 231 153 265 747.5 7.87 394 1.12 1.79
LHW-V V15 0.75 9.8 SB1 1141 0.88 098 26.4 747.0 7.8 396 0.28 1.32
LHW-V V16 0.96 8.8 SB1 1192 143 105 252 748.5 8.09 420 0.77 2.34
LHW-V V17 0.90 11.7 SB1 1431 126 121 256 747.0 8.01 412 1.55 3.75
LHW-V Vv18 0.90 9.0 SB1 11.79 126 101 255 747.0 8.01 414 1.04 2.52
LHW-A Al 1.05 12.8 SB2 1481 171 130 215 743.0 8.61 505 1.06 0.71
LHW-A A2 1.06 14.1 SB2 16.02 174 139 184 746.0 9.20 593 1.55 2.57
LHW-A A3 1.03 10.0 SB2 12.15 164 1.11 183 742.0 9.17 596 0.55 0.72
LHW-A A4 0.91 12.1 SB2 1323 129 113 164 742.0 9.54 660 1.41 1.29
LHW-A A5 1.24 154 SB2 1843 231 166 16.8 742.0 9.46 646 1.28 1.14
LHW-A A6 1.24 12.3 SB2 1557 231 147 185 746.0 9.19 590 0.84 0.68
LHW-A A7 1.24 8.7 SB2 12.02 231 123 189 748.0 9.13 578 0.51 0.51
LHW-A A8 0.77 8.7 SB2 9.49 093 081 193 745.0 9.02 566 1.43 1.45
LHW-A A9 1.05 6.2 SB2 859 171 088 186 744.5 9.15 587 0.33 0.43
LHW-A A10 0.90 6.5 SB2 8.20 127 0.77 19.0 742.5 9.05 575 0.34 0.69
DH-B D1 1.52 15.3 SB1 2241 320 115 194 757.5 9.15 563 1.28 1.80
DH-B D2 154 14.4 SB1 2142 327 109 193 760.0 9.20 566 0.83 0.95
DH-B D4 154 8.2 SB1 14.08 3.27 0.72 185 764.0 9.41 590 0.20 0.67
DH-B D5 1.23 10.1 SB1 1488 228 0.76 18.6 757.5 9.31 587 0.68 1.19
DH-B D6 1.26 7.1 SB1 1152 237 059 186 754.5 9.27 587 0.34 1.22
DH-B D7 1.22 8.1 SB1 1253 222 0.64 18.6 751.0 9.23 587 0.38 0.97
DH-B D8  1.07 7.0 SB1 1062 1.77 054 183 752.0 9.30 596 0.25 0.27
DH-B D9 1.13 8.0 SB1 12.06 1.96 0.62 18.0 759.0 9.44 606 0.34 0.58
FI-A F1 1.11 15.6 1B 2142 191 046 133 728.0 10.10 782 1.25 1.46
FI-A F2 1.43 12.7 1B 2097 292 045 153 711.0 9.35 701 0.67 0.76
FI-A F3 143 15.7 1B 1846 292 053 155 711.0 9.32 693 0.80 0.90
FI-A F4 1.11 13.2 1B 18.30 189 041 157 714.0 9.32 686 0.68 0.76
FI-A F5 1.11 16.5 1B 20.37 189 047 117 724.0 10.33 856 1.04 1.17
FI-B F6 143 13.0 PB 2396 1.89 040 129 722.0 10.01 800 0.58 0.65
FI-B F7 143 15.3 PB 2340 292 052 135 717.5 9.83 774 0.69 0.82
FI-B F8 1.43 9.2 PB 16.04 292 0.35 139 715.0 9.70 757 0.76 0.21
FI-B F9 1.11 13.5 PB 21.37 189 047 145 725.0 9.71 732 0.41 0.47

SB1 Sloping beach with slope 1:2.3, SB2: Sloping beach with slope 1:2.3, IB/PB: impermeable/permeable breakwater with a 1:1.5 sloping
front,
Water depthd=0.72 for LHW-V, and DH-Bd=0.56 for LHW-A andd=0.80 for FI
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HyL,

Various dimensionless parameters have been examinege, , —
(Tsoukala, 2000; Tsoukala et al., 2001), including the ones vT
proposed by Irribaren (Irribaren et al., 1949), Galvin (Galvin,
1968), as well as the Wave Reynolds Number (Zhang andvhere H, and L, are the breaking wave height and length,
Sunamara, 1990), for incorporation into the surface renewatespectively, and is the wave period. The wave heights in
rate as an expression of the function. The Wave Reynolds the breaking zone are calculated from the following equation
Number Re,,) for breaking waves was finally selected and of Le Mehaute and Koh (1967):
the factorG, is now represented by the following equation:

: (10)

G, =a x Reyy, ©)  H / Ho = 0.76 (tana) Y7 5 ¥4, (11)

wherea is a constant determined from the experimental re-

sults. Rey, is derived from the following equation (Zhang wherey,=H/L is the deep-water wave steepness andxtan
and Sunamura, 1990): is the structure’s slope. Wave lengths were computed from
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the equation suggested by the US Army Corps of Engineers % T Bl
(1990): MO E e LW Series Lt
120 H < Delft Series DH-B
Lb =T (gdb)llz , (12) ©  Franzius Series F
- 100 H — - — Equation 16 —
whered,, is the water depth at the breaking point. i e
Equations (9), (10) and (8) give the rate of surface renewal y T .
as follows: X 60 -
':g t * J 5 .
r = a,wReyp. (13) gt 40 L P v/."
= F * oo o) []
P s .
And the following expression is finally derived for oxygen 0 Fe <:.: ~o5tS
transfer coefficient: g B e e uy e e v e oy e
0.0 0.2 0.4 0.6 0.8 1.0
K1 = ar/ Dy, Reypw (14) (Reyyve)'? (misec)
or _ . -
Fig. 5. Comparison of the transfer coefficient§;, as com-
KLSé)’S =, /Rewbv . (15) puted from Eq. (5), with the proposed modified vorticity model of

Eq. (16).
The parameteax, was found to be equal to 0.1 with the appli-
cation of the least-squares method on the experimental values

of K of water (Chanson, 1997; Chanson et al., 2006). According
to the model proposed by Asher et al. (2002) the fractional
K1 S = 0.1/ Reypvo. (16)  contribution of bubbles to the total transfer velocity is limited

to a maximum value of 25%. The above prediction is con-
sistent with accepted theories of bubble-mediated gas trans-
fer, which state that bubble processes are less important for

The correlation coefficient of the experimental values of
K with the proposed equations results is particularly high
(R2=0.78) compared to respective correlations published byrelativel

. » . y soluble gases such as @d CQ (Memery and
:—|oso]: et al. f(f19772 a}nd Dte;]nul and Qulll\;elr (1991). Oxygten Merlivat, 1985: Woolf, 1993).
ranster coetlicients irom the experimental measurements, as Moreover, Eq. (16) could be used as a valid tool for the

computed using Eq. (5), are compared to the proposed mOOI%rediction of the oxygen transfer coefficient as a function of

of Eq. (16) in Fig. 5. o . . the wave characteristics.
Further, the quantitative comparison between the vortic-

ity model of Daniil and Moutzouris (1995) and the proposed
modified vorticity model in the present paper was investi-5 Comparison with literature data
gated by comparing the two statistical parameters of bias or
distortion (b) and Root Mean Squared Error (RMSE) for eachThere are many sets of data published from experimental
data set and for all the data sets that were used for Eq. (16)neasurements performed for the determination of the oxy-
Itis proven from the values of the statistical indicators in Ta- gen transfer coefficient in water bodies. However, little ex-
ble 2 that the modified model represents more accurately thperimental information exists on the effect of mechanically
experimental data. generated waves. Even less data had been published from
The introduction of the Reynolds wave number for the measurements involving breaking waves on sloping sea bot-
prediction of the oxygen transfer coefficient in the proposedtoms and on coastal structures.
model is theoretically consistent, as it is based upon the as- In Fig. 6, Eq. (16) is compared with results from exper-
sumptions by Aisa (1981), Daniil and Gulliver (1991) and iments conducted by Kakuno et al. (1995) and Daniil and
George et al. (1995). The developed modified model present®doutzouris (1994) with breaking waves on a sloping, imper-
an improved tool compared to the vorticity-based model ofmeable beach. Kakuno et al. (1995) performed experiments
Daniil and Moutzouris (1995) with the introduction of the using a 20m long, 50102 m wide and 5&10-2m deep
Reynolds number for breaking waves. wave flume, with a constant water depth of3D2m. A
Besides considering that the temperature dependence andiformly sloping bottom with a slope of 1:20 was placed
gas transfer is expressed through”/? it is believed that at the one end of the flume and mechanical waves were pro-
Eq. (30) can be used to describe the flow of various liquidduced with heights between %802 m and 11.6& 102 m
phase controlled compounds. To succeed in this, as well aand periods between 0.88 s and 1.40 s. The measurements by
to infer from fresh water to salt water, it is required to exam- Kakuno et al. give values higher than Eq. (16).
ine the effect of bubbles entrained in the breaker zone on air- The measurements by Daniil and Moutzouris (1995) were
water oxygen transfer, as the bubble distributions are quiteconducted on the same experimental facility as the small-
different between different gases and between the two typescale measurements of the present study. Their beach slope
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Table 2. Statistical comparison of the present modified model and Vorticity model of Daniil and Moutzouris (1995).

Modified Vorticity Model Vorticity Model

Experimental Daniil and Moutzouris (1995)

Series
bias (m/s) RMSE (m/s) bias (m/s) RMSE (m/s)

Daniil and Moutzouris (1995) 1.26 0.43 1.12 0.57
LHW-V 0.83 0.30 0.91 1.42
LHW-A 1.13 0.21 151 0.65
DH-B 0.86 0.52 0.35 1.08

FI 1.24 0.41 131 0.48

All data of the present study 0.99 0.36 1.08 0.94

*  Danill and Moutzouris (1994) A BrenzliziTeresth]
140 H O Kakunoetal (1995)SP fo0 s—f X Sauetelug.
b [ o Danill et al. (1999 x
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Fig. 6. Comparison of Eq. (16) with experimental data from imper- Fig. 7. Comparison of Eq. (16) with experimental data from the
meable sloping beaches (circles denote the results for the spillingjicinity of rubble-mound coastal structures (crosses denote perme-

break (SP), triangles denote the results for the plunging break (PL)gple breakwater and circles denote impermeable breakwater).
of Kakuno et al. (1995) experiments).

6 Conclusions

was the same as in Series LHW-V, but with a different water
depth. It is found that Eq. (16) is satisfactory for the oxy-
gen transfer coefficient for various water depths and beac
slopes.

In the present paper the oxygen transfer coefficient is de-
scribed with a surface renewal model. The rate of surface
rFenewal in the area of a sloping beach depends on the wave
characteristics and the slope of the beach. The model also
In Fig. 7 results from experiments conducted in the vicin- describes the effect of turbulence on the water oxygenation.
ity of permeable and impermeable breakwaters by Daniil etThe rate of surface renewal is expressed as a function of the
al. (1998) are compared to Eq. (16). Their experiments werevave vorticity and the non-dimensional Reynolds number for
conducted in the wave flume of LHW, for three different wa- breaking waves.
ter depths, namely 0.56 m, 0.76 m and 0.83 m. Wave heights The proposed equation is considered as a satisfactory im-
ranging between 5.6010-2m and 206<10~2m and periods  provement of the vorticity based model proposed by Daniil
ranging between 0.75s and 1.75 s were used. Although wavand Moutzouris (1995), as the oxygen transfer coefficient is
breaking on a rubble mound breakwater is less intense thaexpressed independent of temperature conditions by elimi-
on a sloping beach and, therefore, dissipation of energy isating the wave vorticity term. The model's empirical pa-
less significant, the oxygen transfer coefficients are ratherametere, had been estimated from an adequate number of
well derived from the proposed equation. experimental measurements. These measurements have been
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conducted in experimental facilities of differing scales. The Chanson, H.: Air Bubble Entrainment in Free surface Turbulent
two models were further compared quantitatively by compar- Shear Flows, London, Academic Press, 1997.
ing bias estimator and root mean square errors for each dafghanson, H., Aok, S., and Hoque, H.: Bubble entrainment and dis-
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Eq. (16). Res., 22(3), 664-677, 2006.
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